Europaisches Patentamt 
European Patent Office 
Office europeen des brevets 



(12) 



(43) Date of publication: 

29.05.2002 Bulletin 2002/22 



(H) EP 1 209 321 A2 

EUROPEAN PATENT APPLICATION 

(51) mtci 7: F01D 5/28, C23C 4/00 



(21) Application number: 01309708.4 

(22) Date of filing: 16.11.2001 



(84) Designated Contracting States: 


(72) Inventors: 


AT BE CH CY DE DK ES Fl FR GB GR IE IT LI LU 


• Rigney, Joseph David 


MC NL PT SE TR 


Milford, Ohio 45150 (US) 


Designated Extension States: 


• Darolia, Ramgopal 


AL LT LV MK RO SI 


Westchester, Ohio 45069 (US) 


(30) Priority: 27.11.2000 US 723273 


(74) Representative: Szary, Anne Catherine, Dr. 




GE London Patent Operation, 


(71) Applicant: GENERAL ELECTRIC COMPANY 


Essex House, 


Schenectady, NY 12345 (US) 


12-13 Essex Street 




London WC2R 3AA (GB) 



(54) Thermally-stabilized thermal barrier coating and process therefor 



(57) A thermal barrier coating (TBC) (26) and meth- 
od for forming Ihe coaling (26) on a component (1 0) in- 
tended for use in a hostile environment are disclosed. 
The coaling (26) and melhod are particularly directed to 
inhibiting sintering, grain coarsening/growth and pore 
redistribution in Ihecoaling (26) during high temperature 
excursions by providing limited amounts of extremely 
fine carbide-based and/or nitride-based precipitates 
(34) preferably formed at defects and pores (32) at and 



between the grain boundaries of the TBC microstruc- 
ture The precipitates (34) pin the TBC grain boundaries 
and pores (32) during high temperature excursions, with 
the effect that the TBC microstructure is thermally sta- 
bilized. A coating (26) containing the carbides and/or ni- 
trides can be formed using a physical vapor deposition 
technique in an atmosphere that contains carbon and/ 
or nitride gases or compounds thereof, or by evaporat- 
ing a source material that contains carbon, carbon-con- 
taining compounds, carbides and/or nitrides. 
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Description 

[0001] This invention relates to protective coatings for 
components exposed to high temperatures, such as the 
hostile thermal environment of a gas turbine engine. 
More particularly, this invention is directed to a method 
of stabilizing the microstructure of a thermal barrier coat- 
ing (TBC) with carbide and/or nitride-based precipitates 
in order to inhibit degradation of the thermal insulating 
properties of the TBC during high temperature excur- 
sions. 

[0002] Higher operating temperatures for gas turbine 
engines are continuously sought in order to increase 
their efficiency. However, as operating temperatures in- 
crease, the high temperature durability of the compo- 
nents within the hot gas path of the engine must corre- 
spondingly increase. Significant advances in high tem- 
perature capabilities have been achieved through the 
formulation of nickel and cobalt-base superalloys. 
Nonetheless, when used to form components of the tur- 
bine, combustor and augmentor sections of a gas tur- 
bine engine, such alloys alone are often susceptible to 
damage by oxidation and hot corrosion attack and may 
not retain adequate mechanical properties. Forthis rea- 
son, these components are often protected by a thermal 
barrier coating (TBC) system. TBC systems typically in- 
clude an environmentally-protective bond coat and a 
thermal-insulating ceramic topcoat, typically referred to 
as the TBC. Bond coat materials widely used in TBC 
systems include oxidation-resistant overlay coatings 
such as MCrAlX (where M is iron, cobalt and/or nickel, 
and X is yttrium or another rare earth element), and ox- 
idation-resistanl diffusion coaLings such as diffusion alu- 
minides that contain aluminum intermetallics. 
[0003] Ceramic materials and particularly binary yt- 
tria-stabilized zirconia (YSZ) are widely used as TBC 
materials because of their high temperature capability, 
low thermal conductivity, and relative ease of deposition 
by plasma spraying, flame spraying and physical vapor 
deposition (PVD) techniques. TBC's employed in the 
highest temperature regions of gas turbine engines are 
often deposited by electron beam physical vapor depo- 
sition (EBPVD), which yields a columnar, strain-tolerant 
grain structure that is able to expand and contract with- 
out causing damaging stresses that lead to spallation. 
Similar columnar microstructures can be produced us- 
ing other atomic and molecular vapor processes, such 
as sputtering (e.g., high and low pressure, standard or 
collimated plume), ion plasma deposition, and all forms 
of melting and evaporation deposition processes (e.g., 
cathodic arc, laser melting, etc.). 
[0004] In orderforacolumnarTBCto remain effective 
throughout the planned life cycle of the component it 
protects, it is important that the TBC maintains a low 
thermal conductivity throughout the life of the compo- 
nent. However, the thermal conductivities of TBC mate- 
rials such as YSZ are known to increase overtime when 
subjected to the operating environment of a gas turbine 



engine. As a result. TBC's for gas turbine engine com- 
ponents are often deposited to a greaterthickness than 
would otherwise be necessary. Alternatively, internally 
cooled components such as blades and nozzles must 

s be designed to have higher cooling flow. Both of these 
solutions are undesirable for reasons relating to cost, 
component life and engine efficiency. 
[0005] In view of the above, it can be appreciated that 
further improvements in TBC technology are desirable, 

io particularly as TBC's are employed to thermally insulate 
components intended for more demanding engine de- 
signs. 

[0006] The present invention generally provides a 
thermal barrier coating (TBC) and method for forming 
15 the coating on a component intended for use in a hostile 
environment, such as the superalloy turbine, combustor 
and augmentor components of a gas turbine engine. 
The coating and method are particularly directed to in- 
hibiting grain growth, sintering and pore coarsening or 
20 coalescence in the TBC during high temperature excur- 
sions. Improvements obtained by this invention are par- 
ticularly evident with TBC having a columnar grain struc- 
ture, such as those deposited by EBPVD and other PVD 
techniques, though the invention is also applicable to 
25 TBC deposited by such methods as plasma spraying. 
[0007] In TBC's having a columnar grain structure, 
heat transfer through the TBC is primarily by conduction 
through the individual columnar grains. According to the 
invention, resistance to heat transfer through the TBC 
30 is believed to be enhanced by microstructural defects 
within the grains created by composition-induced defect 
reactions and process-induced porosity. As used here- 
in, composition-induced defect reactions include vacan- 
cies that result from the need in ionic solids to maintain 
35 charge neutrality, as is the case in YSZ where substitu- 
tion of zirconia (Zr0 2 ) with yttria (Y 2 0 3 ) in the lattice 
yields a vacancy. These lattice defects cannot be con- 
trolled through microstructural manipulation, as the 
atomic defects are based solely on thermodynamics 
40 and are not process-dependent. Therefore, composi- 
tional changes (substitutional changes that affect defect 
reactions) are the only way to affect the concentration 
of this type of defect. Process-induced porosity includes 
pore formation that occurs as a component being coated 
45 is rotated relative to the deposition source. A primary 
example is the "sunrise-sunset" vapor-surface mecha- 
nisms that occur during rotation of a component during 
deposition of TBC from a vapor cloud, such as by PVD, 
the result of which is a textured growth of the deposit in 
so which pores are formed between columns, within the 
columns, and between secondary growth arms con- 
tained within the columns. In order for a columnar TBC 
to maintain a low thermal conductivity throughout the life 
of the component it protects, process-induced porosity 
55 must be preserved to stabilize the associated micro- 
structural defects. However, microstructures of TBC 
materials such as YSZ have been found to sinter, coars- 
en and undergo pore redistribution (as used herein, 
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when smaller pores coalesce or coarsen to form larger 
pores) during high temperature exposures, such as tem- 
peratures in excess of 1 000°C found within the hot gas 
path of a gas turbine engine. As a result, increases in 
thermal conductivity noted forTBC materials on gas tur- 
bine engine components can be attributed to sintering, 
grain coarsening and pore redistribution. 
[0008] As a solution, this invention inhibits TBC grain 
growth and pore redistribution with limited amounts of 
extremely fine carbide-based and/or nitride-based pre- 
cipitates formed at the defects and pores of the TBC 
microstructure, as well as on the grain boundaries of the 
TBC. Preferred carbide and nitride-based precipitates 
include metal carbides and nitrides, oxycarbides and 
carbonitrides. The precipitates are for the purpose of 
pinning the TBC grain boundaries to inhibit sintering, 
grain coarsening and pore redistribution within the TBC 
microstructure during high temperature excursions, with 
the effect that the microstructure, and consequently the 
thermal conductivity of the TBC, is stabilized. To be ef- 
fective, the precipitates must be smaller than the pores 
intendedto be stabilized, which aretypically on theorder 
of about fifty nanometers up to about one ortwo microm- 
eters. In addition, the volume fraction of the precipitates 
is preferably on the order of about three to twenty-five 
volume percent. The lower volume limit is the minimum 
amount of precipitates that is believed would have any 
significant effect, while the upper limit corresponds to 
Lhe approximate volume aLLribuLable Lo pores within the 
TBC microstructure, e.g., formed by process-induced 
porosity, 

[0009] A suitable method for carbiding/nitriding the 
TBC microstructure is to deposit the TBC using a phys- 
ical vapor deposition technique in an atmosphere that 
contains carbon and/or nitride gases or compounds 
thereof, depending on whether precipitates of carbides, 
nitrides or both are desired. In this manner, theTBC and 
the desired precipitates are simultaneously formed. An 
additional and optional step is to heat treat the compo- 
nent in the presence of a gas containing carbon and/or 
nitrogen gases or compounds thereof to form an addi- 
tional amount of precipitates in the TBC. 
[0010] By sufficiently stabilizing the TBC microstruc- 
ture and pinning grain boundaries with carbide and/or 
nitride precipitates, the component can be subsequently 
heated to temperatures in excess of 1200°C without 
causing sintering, grain coarsening and pore redistribu- 
tion of the microstructure. As a result, components can 
be designed for thinner TBC and/or, where applicable, 
lower cooling air flow rates, which reduces processing 
and material costs and promotes component life and en- 
gine efficiency. 

[0011] Other objects and advantages of this invention 
will be better appreciated from the following detailed de- 
scription, by way of example, in which: 

Figure 1 is a perspective view of a high pressure 
turbine blade. 
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Figure 2 is a cross-sectional view of the blade of 
Figure 1 along line 2-2, and shows a thermal barrier 
coating system on the blade in accordance with a 
first embodiment of this invention. 

Figure 3 is a cross-sectional view of a thermal bar- 
rier coating system in accordance with a second 
embodiment of this invention. 

10 Figure 4 is a detailed representation of a columnar 
grain of the thermal barrier coating of Figure 2. 

[0012] The present invention is generally applicable 
to components subjected to high temperatures, and par- 
's ticularly to components such as the high and low pres- 
sure turbine nozzles and blades, shrouds, combustor 
liners and augmentor hardware of gas turbine engines. 
An exampleof ahigh pressure turbine blade 10 is shown 
in Figure 1. The blade 10 generally includes an airfoil 

20 12 against which hot combustion gases are directed 
during operation of the gas turbine engine, and whose 
surface is therefore subjected to hot combustion gases 
as well as attack by oxidation, corrosion and erosion. 
The airfoil 12 is protected from its hostile operating en- 

25 vironment by a thermal barrier coating (TBC) system 
schematically depicted in Figure 2. The airfoil 12 Is an- 
chored to a turbine disk (not shown) with a dovetail 14 
formed on a root section 1 6 of the blade 1 0. Cooling pas- 
sages 18 are present in the airfoil 12 through which 

30 bleed air is forced to transfer heat from the blade 10. 
While the advantages of this invention will be described 
with reference to the high pressure turbine blade 10 
shown in Figure 1, the teachings of this invention are 
generally applicable to any component on which ather- 

35 mal barrier coating may be used to protect the compo- 
nent from a high temperature environment. 
[0013] TheTBC system 20 is represented in Figure 2 
as including a metallic bond coat 24 that overlies the 
surface of a substrate 22, the latter of which is typically 

40 a superalloy and the base material of the blade 1 0. As 
is typical with TBC systems for components of gas tur- 
bine engines, the bond coat 24 is an aluminum-rich com- 
position, such as an overlay coating of an MCrAlX alloy 
or a diffusion coating such as a diffusion aluminide or a 

45 diffusion platinum aluminide of a type known in the art. 
Aluminum-rich bond coats of this type develop an alu- 
minum oxide (alumina) scale 28, which is grown by ox- 
idation of the bond coat 24. The alumina scale 28 chem- 
ically bonds a thermal-insulating ceramic layer, or TBC 

so 26, to the bond coat 24 and substrate 22. The TBC 26 
of Figure 2 is represented as having a strain-tolerant 
microstructure of columnar grains 30, one of which is 
represented in greater detail in Figure 4. As known in 
the art, such columnar microstructures can be achieved 

55 by depositing the TBC 26 using a physical vapor depo- 
sition technique, such as EBPVD. A preferred material 
for the TBC 26 is an yttria-stabilized zirconia (YSZ), a 
preferred composition being about 4 to about 20 weight 
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percent yttria, though other ceramic materials could be 
used, such as zirconia fully stabilized by yttria, nonsta- 
bilized zirconia, or zirconia partially or fully stabilized by 
magnesia, ceria, scandia or other oxides. The TBC 26 
is deposited to a thickness that is sufficient to provide 
the required thermal protection for the underlying sub- 
strate 22 and blade 1 0, generally on the order of about 
75 to about 300 micrometers. 

[0014] While much of the following discussion will fo- 
cus on columnar TBC of the type shown in Figures 2 
and 4, the invention is also believed to be applicable to 
noncolumnarTBC deposited by such methods as plas- 
ma spraying, including air plasma spraying (APS). The 
microstructure of this type of TBC is represented in Fig- 
urea, in which the same reference numbers used in Fig- 
ure 2 to identify the columnarTBC 26 on a substrate 22 
and bond coat 24 are now used to identify a similar sub- 
strate 22 and bond coat 24 on which a noncolumnar 
TBC 26 was deposited by plasma spraying. In the plas- 
ma spraying process, TBC material is deposited in the 
form of molten "splats," resulting in the plasma-sprayed 
TBC 26 of Figure 3 having a microstructure character- 
ized by irregular flattened grains 30 and a degree of in- 
homogeneity and porosity. 

[0015] As a result of the processes by which the 
TBCs 26 of Figures 2 through 4 are deposited, the in- 
dividual grains 30 of the TBCs 26 are characterized by 
microstructural defects and pores 32 within the grains 
30 and aL and between Ihe grain boundaries. The de- 
fects and pores 32 are believed to decrease the thermal 
conductivity of a TBC grain 30, and therefore the TBC 
26 as a whole. Because grain growth, sintering and pore 
redistribution within the TBC 26 during a high tempera- 
ture excursion tends to coarsen and/or eliminate the de- 
fects and pores 32, the present invention provides for 
stabilization of the TBC microstructure by forming fine 
precipitates 34 that anchor and pin the grain boundaries 
and pores 32 of the TBC 26, thus preventing grain 
growth and pore redistribution (coalescing) that would 
increase the thermal conductivity of the TBC 26. The 
precipitates 34 are preferably nonmetallic phases which 
decorate the exterior of the TBC grain 30 as shown in 
Figures 3 and 4, and are potentially embedded within 
the grains 30. Preferred precipitates 34 are carbides, ox- 
ycarbides, nitrides, carbonitrides or mixtures thereof, 
which advantageously leave pores if caused to decom- 
pose by oxidation when subjected to high operating tem- 
peratures of a gas turbine engine. 
[0016] To be effective, it is believed that the TBC 26 
must contain at least three volume percent of the pre- 
cipitates 34 without interfering with the desired strain- 
tolerance of the TBC 26. For this same reason, the pre- 
cipitates 34 must be sufficiently fine to fit within the pores 
32, yet sufficiently large to be capable of pinning the 
grain boundaries and pores 32 of the TBC 26. An upper 
size limit is believed to be the thickness of one of the 
individual layers of TBC material that successively form 
during the deposition process, typically on the order of 



about one to two micrometers. In view of the above, a 
suitable particle size and volume fraction for the precip- 
itates 34 within the TBC 26 is about 50 to about 2000 
nanometers and about three to about twenty-five vol- 

s ume percent, respectively. More preferably, the TBC 26 
contains about three to about ten volume percent of the 
precipitates 34, which have diameters on the order of 
about 50 to about 500 nanometers. 
[0017] Suitable processes for forming the TBCs 26 of 

io Figures 2 and 3 generally entail depositing a suitable 
TBC material in the presence of a carbon and/or nitro- 
gen-containing gas which serves as the source of the 
carbide-based and/or nitride-based precipitates 34. 
Suitable gases for this purpose will depend on the par- 
's ticular coating process, but generally include methane, 
benzene and toluene as carbon sources, and nitrogen 
gas or ammonia as nitrogen sources. As an example, in 
the past the process of depositing TBC and other ce- 
ramic coatings by EBPVD has generally entailed load- 

20 ing component(s) to be coated into a coating chamber, 
evacuating the chamber, and then backfilling the cham- 
ber with oxygen and an inert gas such as argon to 
achieve a subatmospheric chamber pressure of typical- 
ly about 0.005 mbar or higher. The component would be 

25 supported in proximity to an ingot of the desired coating 
material, and an electron beam projected onto the ingot 
so as to melt the surface of the ingot and produce a va- 
por of the TBC material that deposits (condenses) on 
the component surface. While similar in many other re- 

30 spects, the process for depositing the columnarTBC 26 
of Figure 2 differs by the introduction of a carbon and/ 
or nitrogen-containing gas into the coating chamber dur- 
ing the coating process. The high-temperature evapo- 
ration of the TBC material in the presence of the carbon 

35 and/or nitrogen-containing gas(es) results in the simul- 
taneous formation of the precipitates 34 at the defects 
and pores 32 of the TBC microstructure during growth 
of the individual grains 30. The amount and, if applica- 
ble, relative proportions of the precipitates 34 can be 

40 controlled through adjusting the partial pressure of the 
carbon and/or nitrogen-containing gas(es) within the 
coating chamber. Suitable partial pressures are be- 
lieved to be about 0.001 to about 0.006 mbar, or about 
1 0% to about 50% of the gaseous atmosphere with the 

45 coating chamber. Alternatively, the TBC ingot material 
could be altered to contain carbon, a carbon-containing 
compound, or a carbide or nitride. The placement of the 
precipitates 34 within the TBC 26 can also be controlled 
by limiting the introduction of the carbon and/or nitro- 

so gen-containing gas(es) to certain periods of the deposi- 
tion process. A preferred process is believed to entail 
limiting the flow of the carbon and/or nitrogen-containing 
gas(es)to after deposition has been initiated so that pre- 
cipitates 34 are not deposited directly on the surface of 

55 the surface being coated, e.g. , the bond coat 24, in order 
to not interfere with the formation of the alumina scale 
28 and the chemical bond between the scale 28 and the 
TBC 26. For this purpose, the first five to ten microme- 
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ters of deposited TBC 26 could be free of precipitates 
34. 

[0018] An additional and optional step is to heat treat 
the TBC-coated blade 10 in the presence of a carbon- 
containing and/or nitrogen-containing gasto form an ad- 
ditional amount of the precipitates 34. The same gas or 
gases as those used during deposition of the TBC 26 
can be used, with minimum heat treatment tempera- 
tures being dependent on the gas(es) used and maxi- 
mum heat treatment temperatures being dependent on 
the substrate material of the blade 10. A suitable treat- 
ment is believed to be about 900°Cto about 1100°Cfor 
a duration of about 0.5 to about 10 hours. Another op- 
tional heat treatment is to expose the TBC 26 to an ox- 
idizing atmosphere at about 900°C to about 1150°C for 
a duration of about 0.5 to about 2 hours to purposely 
decompose the carbide-based and/or nitride-based pre- 
cipitates 34, the result of which is the formation of addi- 
tional pores within the TBC microstructure and lower 
thermal conductivity of the TBC 26. 
[0019] While the invention has been described in 
terms of a preferred embodiment, it is apparent that oth- 
er forms could be adopted by one skilled in the art. For 
example, instead of depositing the TBC 26 by EBPVD, 
other atomic and molecular vapor deposition processes 
could be used, such as sputtering, ion plasma deposi- 
tion, and all forms of melting and evaporation deposition 
processes. Accordingly, the scope of the invention is to 
be limited only by the following claims. 



1 . A component (1 0) having a thermal barrier coating 
(26) on a surface thereof, the thermal barrier coat- 
ing (26) having a microstructure with process-in- 
duced defects and pores (32) at and between grain 
boundaries of the microstructure, characterized in 
that the thermal barrier coating (26) contains car- 
bide-based and/or nitride-based precipitates (34) at 
the grain boundaries and the defects and pores (32) 
in an amount sufficient to inhibit sintering, grain 
coarsening and pore redistribution of the micro- 
structure and thereby thermally stabilize the micro- 
structure. 

2. A component (10) according to claim 1 , wherein the 
microstructure of the thermal barrier coating (26) 
consists of columnar grains (30) so that the micro- 
structure is columnar, orflattened grains (30) so that 
the microstructure is noncolumnar and inhomoge- 
neous. 

3. A component (1 0) according to claim 1 or claim 2, 
wherein the thermal barrier coating (26) is predom- 
inantly yttria-stabilized zirconia. 



claim, wherein the component (10) is formed of a 
superalloy. 

5. A component (10) according to any preceding 
claim, wherein the precipitates (34) are chosen from 
the group consisting of carbides, oxycarbides and 
carbonitrides. 

6. A component (1 0) according to any one of claims 1 
to 4, wherein the precipitates (34) are chosen from 
the group consisting of nitrides and carbonitrides. 

7. A component (10) according to any preceding 
claim, wherein the precipitates (34) are present in 
the thermal barrier coating (26) at a level of about 
3 to about 25 volume percent. 

8. A component (10) according to any preceding 
claim, wherein a portion of the thermal barrier coat- 
ing (26) adjacent the surface of the component (10) 
is free of the precipitates (34). 

9. A component (10) according to any preceding 
claim, wherein the precipitates (34) have diameters 
in a range of about 50 to about 2000 nanometers. 

10. A component (10) according to any preceding 
claim, wherein the component (1 0) is a gas turbine 
engine component (10). 

11. A component (10) according to any preceding 
claim, further comprising a metallic bond coat (24) 
at the surface and covered by the thermal barrier 
coating (26). 

12. A method of forming a thermal barrier coating (26) 
on a surface of a component (1 0), the method com- 
prising the steps of: 

depositing the thermal barrier coating (26) to 
have a microstructure with defects and pores 
(32) at and between grain boundaries of the 
microstructure; and 

forming carbide-based and/or nitride-based 
precipitates (34) at the grain boundaries and 
the defects and pores (32) in an amount suffi- 
cient to inhibit sintering, grain coarsening and 
pore redistribution of the microstructure and 
thereby thermally stabilize the microstructure. 

13. A method according to claim 12, wherein the micro- 
structure of the thermal barrier coating (26) consists 
of columnar grains (30) so that the microstructure 
is columnar, or flattened grains (30) so that the 
microstructure is noncolumnar and inhomogene- 



4. A component (10) according to any preceding 14. A method according to claim 12, wherein the ther- 
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mal barrier coating (26) is predominantly yttria-sta- 
bilized zirconia. 

15. A method according to claim 12, wherein the com- 
ponent (1 0) is formed of a superalloy. 5 

16. A method according to claim 12, wherein the pre- 
cipitates (34) are chosen from the group consisting 
of carbides, oxycarbides and carbonitrides, are 
present in the thermal barrier coating (26) at a level io 
of about 3 to about 25 volume percent, and have 
diameters in a range of about 50 to about 2000 na- 
nometers. 

17. A method according to claim 12, wherein the pre- '5 
cipitates (34) are chosen from the group consisting 

of nitrides and carbonitrides, are present in the ther- 
mal barrier coating (26) at a level of about 3 to about 
25 volume percent, and have diameters in a range 
of about 50 to about 2000 nanometers. 20 

1 8. A method according to claim 1 2, wherein the depos- 
iting and forming steps occur simultaneously by de- 
positing the thermal barrier coating (26) by electron 
beam physical vapor deposition in the presence of 25 
a gas containing a sufficient amount of carbon and/ 

or nitrogen gases or compounds thereof to form the 
precipitates (34). 

19. Amethodaccordingtoclaim12,whereinthedepos- 3D 
iting and forming steps occur simultaneously by 
evaporating a source material that contains carbon, 
carbon-containing compounds, carbides and/or ni- 
trides. 

35 

20. A method according to claim 12, wherein the step 
of forming the precipitates (34) commences only af- 
terthe step of depositing the thermal barrier coating 
(26) has been initiated so that a portion of the ther- 
mal barrier coating (26) adjacent the surface of a 40 
component (1 0) is free of the precipitates (34). 

21. A method according to claim 12, further comprising 
the step of heat treating the component (1 0) in the 
presence of a gas containing a sufficient amount of 45 
carbon and/or nitrogen gases or compounds there- 
of to form an additional amount of the precipitates 
(34). 

22. A method according to claim 12, further comprising so 
the step of heat treating the component (10) in the 
presence of an oxidizing atmosphere to decompose 

at least some of the precipitates (34) and form an 
additional amount of pores (32) in the microstruc- 
ture. 55 

23. A method according to claim 12, further comprising 
the step of heating the component (10) to at least 



1200°C without causing sintering, grain coarsening 
and pore redistribution of the microstructure. 
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FIG. 2 
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